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ABSTRACT 


Optical transition radiation (OTR) can be used as a beam 
diagnostic system for charged particle beams. The experi- 
mental setup developed here demonstrates the capability to 
observe and measure OTR due to an electron beam from a linear 
accelerator. The setup is compact; simple, and readily 
adapted to experimental work. Through the use of two 
software programs (QuickCapture and Image 1.14) and the 
QOuickCapture frame grabber board, both qualitative and 
quantitative results are possible. One of the useful 
qualitative results is a three-dimensional beam profile, 
which is quickly produced from a captured image. The system 
measured the relative intensity with a 3% variation between 
several images of the same source. Angular measurements of 
OTR can be made with an angular resolution of 600 


meeroradians. 
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I. INTRODUCTION 


Pe, PURPOSE OF EXPERIMENT 

Sete eetiaaicterone Gagdtat ton, Or OTR, occurs when a 
charged particle crosses the interface between two media with 
different dielectric constants. OTR was predicted in 1944 by 
Frank and Ginsburg [Ref. 1]. Much work has been done by 
mme@ers tO iallustrate the utility of applying OTR as a 
real-time diagnostic system for charged particle beams [Refs. 
2-10]. Sustained interest in particle beam applications has 
created the need for diagnostic systems which are compact, 
real-time, and easily adapted to experimental work. The 
purpose of this experiment was to establish the capability to 
observe and measure optical transition radiation with these 


diagnostic system features in mind. 


= ; THE PHENOMENON OF OPTICAL TRANSITION RADIATION 
Although a more detailed description of OTR theory can be 
found in Appendix A, a short overview of the phenomenon of 
OTR will be presented here. As a charged particle moves from 
Spe medium to another medium with a different dielectric 
Serseant, tranSition radiation occurs. A wide spectrum of 
Mmeequencies are produced, including optical frequencies, so 
OTR can be viewed with standard optical equipment such as 


Video cameras. Optical transition radiation patterns appear 


cone-shaped in three dimensions, and V-shaped in two 
dimensions. Figure 1 shows the forward and backward 
radiation cones produced at normal incidence and at oblique 
incidence. Normal incidence does not allow tem 
experimentalist to view the OTR pattern since both the 
forward and backward cones are centered about the electron 
beam path. Oblique incidence reflects the backward 9O@ue 
pattern away from the electron beam path, allowing one to 
view transition radiation. The backward OTR pattern is 
centered about the angle of specular reflection, 1.¢€.,) ae 
angle of reflection from a mirror or polished metal "Sunitaee 
used as a reflector. Centered at the angle of specular 
reflection are a focusing lens and a TV camera fOr eee 


purposes of viewing OTR patterns. 


CA OVERVIEW OF EXPERIMENT 

The experiment was performed on the linear accelerator 
(LINAC) located at the Naval Postgraduate School (NPS), 
Monterey, California. In the experimental setup, a laser 
beam is used to align optical components which view the OTR 
Pat Pern. Originally, the laser beam would have been an 
alignment aid, and the electron beam would have been the 
measured parameter of interest. Unfortunately, on October 
17, 1989, a Significant earthquake of magnitude 7.1 caused 
damage to many areas in northern California, including the 


LINAC at the Naval Postgraduate School. (Approximately 30 


OPTICAL TRANSITION RADIATION PATTERNS 






FORWARD 





BACKWARD FORWARD 


a.) NORMAL INCIDENCE b.) OBLIQUE INCIDENCE 
(p = 45°) 


Mmemore 1: The optical transition radiation patterns produced 
meeerormal and oblique incidence. Normal incidence does not 
@elow Viewing because the radiation pattern is centered 
around the electron beam. Soianeue mnetcence: reflects the 
backward OTR pattern away from the electron beam so that it 
memos Viewed. € and &€, are the dielectric constants for the 


medium and vacuum, respectively. [{Ref. 5] 


minutes before the earthquake struck, OTR was observed at the 
NPS LINAC; this was the first time OTR was observed with the 
experimental setup described in Chapter II.) In light em 
eohiass aamaleie.y unforeseen misfortune, the capability to 
measure OTR was developed using the light from a tanga 
illuminated by a laser beam instead of using the OTR light 
produced by an electron beam. Since a laser beam can be 
filtered and measured in much the same way as an actual OTR 
beam image, this work uses a laser beam to establish a 
capability to measure optical transition radiation. 

In addition to the OTR pattern, the setup permits 
focusing on the beam spot as it hits the OTR foil. A Smeg 
power laser beam is used in an alignment procedure whem 
couples the laser beam and the electron beam. The 
coincidence of the two beams provides the ability to 
calibrate measurements. 

Live images of the OTR pattern are taken with a TV camera 
which is linked with a computer. A frame-grabber board is 
added to the computer hardware and allows still video images 
to be taken from the live video input. Images are stored in 
a digitized format. Software programs designed specifically 
for digital image processing and analysis have been installed 
on the computer. The procedure for capturing images from 
live video is discussed. Several other software functions 


are also investigated in detail, such as one dimensional line 


scans, three dimensional profile plots, integrated density, 
frame averaging, and filtering. 

A calibration procedure called a lens scan is detailed. 
TV camera response is examined, along with methods to reduce 
lmaekGround noise. The effect of different orientations and 
positions of neutral density filters in the beam path is 
considered. Fanalilye a Capability to measure relative 


intensity is mentioned. 


D. POTENTIAL APPLICATION 

As mentioned, continued interest in the area of high 
energy charged particle beam physics is expected. This 
implies a need to develop particle beam diagnostic systems 
which are simple to use, compact, real-time, and easily 
adapted to experimental work. The setup described in this 
thesis meets those criteria. An OTR beam profile monitoring 
system would have certain advantages over a system such as 
the Bates fast wire beam scanner, currently under development 
memeene Massachusetts Institute of Technology. The Bates 
System uses a rather complicated system which moves a thin 
wire through the electron beam path in about ten seconds. 
secondary emissions from the wire as a function of the wire 
position determine the electron beam profile. After the 
S@gnal is digitized, it is processed via a microcomputer and 


a microvax computer to provide real time beam profiles. 


Although this system has great potential, it requires its own 
dedicated microvax computer, needs periodic recalibrauiem 
takes several seconds to produce a beam profile, and is a 
complicated, intricate design. [Ref 11] 

The OTR beam profile measuring system described in this 
thesis requires only a microcomputer, needs no recalibration, 
produces instant beam profiles, and is a relatively simple 
design. It is possible that OTR could be used jase 
alternative to the Bates fast wire beam scanner in providing 


a useful beam diagnostic system. 


II. EXPERIMENTAL SETUP AND PROCEDURE 


A. EQUIPMENT SETUP 
This experiment was performed using the linear electron 
accelerator at the Naval Postgraduate School in Monterey, 
@abictornia. Appendix B lists LINAC characteristics and a 
schematic of the layout. The LINAC area is divided into two 
sections: the target area and the control room. 
1. Target Area 

The target area contains several optical components 
Mounted On an optical breadboard, and also some optical 
components inside the vacuum line of the LINAC. The optical 
breadboard is placed next to the electron beam line. This 
experimental design contains optical components which are low 
in overall height, and requires only about 30 centimeters of 
@earance between Lhe surface of the optical breadboard and 
the electron beam. 

inewumederglying philosophy of this setup is to fully 
Peron the optical components using a laser, and then to 
Couple the entire optical setup to the electron beam. 
feemough this alignment and coupling process iS a tedious 
task, electron beam time is saved since most of the alignment 


is completed beforehand. 


Figure 2 shows the experimental setup. A low power 
laser is the first main optical component, and 10 2S "useqmee 
align the other optical components with the ~lineag 
accelerator and OTR foil. A post type laser mount was used, 
which has a vertical control and steering alignment control 
in the horizontal plane. 

Neutral density filters are placed in front Of Ghe 
laser to reduce the intensity in order to prevent damage te 
the TV camera. The light from the laser then enters the 
vacuum line of the LINAC through a viewport, reflecting off a 
retractable alignment mirror in the large chamber, The 
alignment mirror is oriented at 45° to the electron beam and 
also the laser beam. A fluorescent view-screen is placed on 
the back of the mirror so that the electron beam can be 
directed to the same point on the mirror as the laser beam. 
This establishes the first of two points in space whe@ 
define the line of the electron beam and the laser beam. The 
mirror is mounted on a holder assembly with tilt control for 
alignment purposes, and the mount is attached to a linear 
motion vacuum feedthrough so that the mirror can be removed 
from the electron beam line. 

Downbeam from the retractable mirror is the OTR foil 
holder mounted inside a Six=way vacuum Croce The fou 
holder has two miniature rotary motion vacuum feedtenrengme 


which control the tilt of the foil through a custom-made 


Experimental Setup in Target Area 


Electron beam | 


from Linac 


3' X 5' Optical Breadboard 


Viewport 
Laser 
; | 
e F 
eecac ie te Neutral Density Filters 
Alignment 
Mirror Large Chamber Object at Infinity 
Drift tube 
Six-way . 
Cross Shutter Focusing Lens 
OTR Foil i : 
Quartz SIT TV Camera 
Window Polarizer 
Electron 


Beam Dump 


}¢——40" desired 


Mere 2: Targét area setup. In order to achieve 
collinearity, the laser beam and electron beam are focused 


Onto two points: the retractable alignment mirror and the TV 


SCemera. 


nenblighc ~ Since the OTR foil holder is oriented a@ew45-— come 
electron beam, backward OTR light comes off the foils at 90° 
to the electron beam line. The light then passes (Giroucia 
quartz window, a shutter, and a polarizer before entering the 
focusing lens and TV camera. (The OTR foil could actual ae 
a reflective metallic foil 68 a front surface mae) 

The particular focusing lens chosen was a 200 
millimeter Canon lens, with a focal distance of £/1:2 767) 
mount for the lens includes two separate single axis 
translation stages. One stage 1S manually controlled ana 
Oriented perpendicular to the beam, and the other stage iS a 
remotely controlled, motorized stage with a two inch traveam 
and iS oriented with the beam path. Directly abovewian- 
translation stages are a 360 degree rotary stage which allows 
horizontal rotation of the lens, and a dual axis (tilt game 
which allows tilting out of the horizontal plane. The camera 
lens iS mounted on a post centered in the middle of both the 
rotary stage and the tite veante. This centering of the mene 
and direct coupling of the rotary stage and tilt tablewes 
necessary to align the camera lens with the center Of Enoum@ige 
patie rims 

Immediately after going through the focusing lens ieee 
OTR light enters the TV camera. Since OTR produces light 
patterns that are not very intense, the TV camera mus Cae 


sensitive to low light levels. In order to understand jen 
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limitations of the TV camera, two types were used: a silicon 
intensified target TV camera (SITCAM) designed for low light 
level applications, and a vidicon used in everyday 
opi Cations . The mount for the TV camera consists of an 
Seeved! laboratory jagk for vertical control, and a dual axis 
meamstation Stage fer Control in the horizontal plane. 
Because the electron beam and laser beam can be focused onto 
the same point on the TV camera, the second alignment point 
is established. Collinearity between the two beams is 
meme vea by matching the two alignment points: one on the 
meeractable alignment mirror, the other on the TV camera. 

An additional optical element on the optical 
Se-acoOoard 1s the "object at infinity," shown in Figure 3. 
Mie pnrase object at infinity implies parallel light and this 
is precisely how this element works. Pe ae hte Source “us 
mer eecad Into a point light source by putting it directly 
Bemind an iris diaphragm that is almost completely closed. 
The point light source passes over a sector star target (a 
common focusing device shown in Figure 4). Behind the sector 
Sear target is a plano convex lens. The distance between 
these two components equals the focal length of the lens, 
namely 100 millimeters. Since the object light coming into 
ieee bens 15 at the focal distance, the image is at infinity, 
OF in other words, the light emerging from the lens is 


parallel light. A mirror then reflects the parallel light 
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Figure 3: 


illuminates the sector star target which is at the focal 


distance of the lens. 


Parallel light is emitted from the Temes 


dee 





Figure 4: Sector star target. This is a focusing device used 
memmeerOoduce the “object at infinity." Tie wportom malf 1s 


covered so that the image can be reflected off a mirror and 


Meee Ol CO the lower half of the target. 


ye 


either back onto the bottom side of the sector Star formeme 
purpose of focusing the lens, or reflects the light on toward 
the lens and TV camera to give the “objecCr at ie amie oe 

Ze CONnt EO la sRoem 

As shown in Appendix B, the control room 1s loOC¢aees 
several meters away from the target area near the front end of 
the accelerator. The control room contains the computer vane 
video monitoring equipment which remotely control em 
experimental setup. The video signal from the TV camera in the 
target area is sent via a braided cable to the control room, 
where it iS monitored and processed. A schematic of (aie 
control room setup is shown in Figure 5. 

First, the video signal is digitized by a digipm@zem 
which is linked to a camera control unit for remote operation 
of the camera. This digital signal then goes to a Macintosh fi 
PC via an EP205 jumper cable. The jumper cable feeds into the 
DT2255-60 Hz QuickCapture frame grabber board which ims 
installed directly into an expansion board slot in the ba@iaige 
Ene “aeintos ) ~ ie The frame grabber board captures a 
digital picture from the incoming video signal and stores it in 
the computer. 

Two software packages were used to process and analyze 
the digital images obtained by the frame grabber board. 
QuickCapture has its own software program and has a limited 


capability. Image Version 1.14 is the other software program 
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Control Room Setup 


Bagitizer Macintosh PEC 


, Digital Signal In 


Shielded Cable 







From TV Camera Analog 
(In Target Area) Sianal 


Data Translation 


Dbl 2255-60 Hz 


Video Monitor Quick Capture 
Frame Grabber Board 


Figure 5: Control room setup. Video signal enters Macintosh 
[Meee C and iS captured by frame grabber board in digitized 


format. 


eS 


which was used and has great utility for the purposes of one 
Both of these software packages will be discussed in detail 
at the end cf this eéchapeanr. 

Also in the control area is a video monitor which is 
fed an analog signal from the Macintosh II PC. This extra 
monitor is helpful for viewing the TV camera's output when 
the Macintosh II PC is not in the “live video umnodes 

3. Optical Design Considerations 

Because optical transition radiation is an optical 
phenomenon, there are several design considerations which 
Will be explained in order to understand the experimental 
setup used. 

A main feature of the optical setup is the 200 
millimeter lens which is used to focus between the object at 
infinity and the OTR foil. Since the translation stage whame@ 
holds this lens can only travel 5 centimeters (2 inches) 7g 
needs to calculate the distance between the OTR foil and the 
lens to ensure that proper focusing is possible. Onemjeam 
define ro as the object distance (from foil to lens) 
the image distance (from lens to image plane), and N as the 
number of focal lengths, , Such@enciae s-—al mee in this caseumms 
= 20.1 centimeters = 7.9 inches. Since the maximum travel of 
the translation stage is 5 centimeters (two inches)) jaa 
3.0 -Cm, and (53 = 253 em Recalling the Gaussian lens 


formula [Ref 12], 
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ii AL 1 
~= = —_ + — 
ie TS ry 


@me Can determine xr, by letting r, = Nf where f is the focal 


Mength of the lens. Deon: Tome Np. closs-multiplying 


gives 
feo = rit + roof , 

M@eesubstituting for r, where r, = nf gives 
ee = £5) refs 


meen can be solved for N: 


eran Zoe 
N=—-— = —- = 4.92 
ees Sao, 


similarly, one can solve the Gaussian lens formula for fp» 


where 


rea) = 9953.-em. 


Meee means that in order for the travel of the lens to be 95 
Centimeters or less, the lens can come no closer to the OTR 
Por! than 99.3 centimeters. Mimeimece same Manner, 10 can be 
Pmeown that for 3.8 centimeters (1.5 inches) of lens travel, 


MemeseDParation distance will be 1.26 meters. Thezweitere, 


Wave 


there is a minimum distance of about 1 meter from Chewee. 
mirror to the focusing lens, but this can be larger. 

As can be seen from the above calculation, a focal 
length of 200 millimeters was used for the focusing lens. 
The reason for choosing a focal length of 200 millimeters. 
limited by the length of travel of the translation Stage 
which was 5 centimeters. Longer travel translation Stages 
are not readily available. A different focal length) @em. 
could have been used, but the geometry of the setup suggests 
a focal length of thissendew- 

Another noteworthy dimension in the optical setup is 
the distance between the retractable alignment mirror and the 
OTR foil. This distance was chosen to be at least one meter 
for the reason that over 1 meter, a 1 milliradian angle 
corresponds to 1 millimeter of distance perependicular to the 
beam line. Of course, smaller measurements than one 
millimeter are achievable when seen on the TV camera where 


individual pixel positions are distinguishable 


Ba PROCEDURE 
1. Alignment 
Optical transition radiation is a highly direction 
phenomena, and produces a light cone centered around the 


angle of specular reflection, with a maximum intensity at an 


angle of 1/(y) from specular reflection (y is the Lorentz 


factor). Energies of interest are in the tens of MeV range, 
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Poet ero iemmGeilemmprogucea 1S Of the order of a few 
milliradians. A critical alignment procedure is required to 
get meaningful measurements. The alignment process is time 
consuming, but is straightforward to describe. By referring 
to the experimental setup in the target area shown in Figure 
2, the following alignment procedure can be understood. 

The laser is used to align the optical equipment, and 
this setup is coupled to the electron beam. Since two points 
in space define a line, forcing the laser light and the 
electron beam through the same two points achieves 
@omelinearity. PicweiesisSt sport, 1S an ethe center of the 
maeractaole alagnment mirror in the first vacuum chamber. 
The second point is on the TV camera, where the OTR light and 
the laser light can both be viewed. 

A necessary first step is to level the optical 
breadboard using a carpenter's level. Then, each component 
is aligned sequentially without adjusting what has been 
aligned before it. The basic technique is to use a series of 
Meme Ing and retro-reflections to put the laser light in the 
geometrical center of its path. The retro-reflections ensure 
meter tne laser light is normal to the surface it hits. 

Phew laser ismecentered and  ~setro-reflected off the 
small viewport window where the laser light enters the large 
chamber. lexi eeeaecwslight hits the retractable alignment 


ieeeror. [ttm rore 1S actually a glass plate with a 


eS, 


half-silvered front so the laser light can reflecewertt 7a 
fluorescent screen is centered on the back with a cross-hair 
on it and hole in “iteomeente.. The screen is positioned so 
that the laser light goes through its center, and Chenu. 
electron beam can be steered through the center of the screen 
also. Thus, the first alignment point is established. 

The retractable alignment mirror must” (Thenee 
positioned so that the laser light goes down the center of 
the drift tube between the large chamber and the six-way 
CHEOSS. A fiducial (plexiglass disc with the center marked) 
was placed inside the exit point of the large chamber: The 
alignment mirror was adjusted until the laser light 
reflecting off it was centered on the fiducial, and also on 
the beam dump window of the six-way cross. Once this ie 
done, the OTR foil holder assembly can be installed Tie 
Six-way cross. The OTR foil holder is positioned so thavwaa. 
laser light reflecting off it is in the center of the Gquaae 
viewport exit window. The laser light should be the Same 
height above the optical table as it was before it entered 
the vacuum line. 

The next step is to align the optical rail whee 
holds the lens and TV camera. The optical rail is alignedwge 
the laser beam by putting an object on the rail, Such asa 
camera lens mount, and sliding it between the near Janda 


ends of the optical rail until the laser spot does noOtwiieae 
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OQteeene Obgect . After the optical rail is aligned, the TV 
Saiiemew tS alignea by centering on its cover plate and 
retro-reflecting back to the quartz window. Smiariv, the 
camera lens is aligned by centering and retro-reflecting on a 
lens cap with its center marked. The lens mount has enough 
degrees of freedom, so that this is not a difficult task. 

As outlined in this procedure, the laser light should 
appear in the center of the TV camera's picture. To ensure 
that the laser spot is centered, one can turn the TV camera 
Pema look at live video. Moving the TV camera horizontally 
Or vertically will center the laser spot. 

Ze eenocusi ng 

Because ~Or "the Particular mature of optical 
transition radiation patterns, there are two focal points of 
interest. Figure 6 shows the two focal points which will be 
described. 

PAewPoecwet daght from an OTR pattern is focused at 
mee tOocal plane of the focusing lens. The parallel light 
memmece fOr this half of the focusing procedure is the object 
at infinity. The image seen at the focal plane of the lens 
Memeene OTR pattern of concentric circles. A one dimensional 
Mi@eenisity scan of this image will produce the characteristic 
double hump of OTR. 

The other focal neine of interest is at the beam spot 


on the OTR foil itself. At this image plane, the beam 
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planes give two different images. 
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@ustribution will be visible. A one dimensional intensity 
scan of this image yal Wl Pececle-mmameprbermle of the beam 
intensity. 

thew mMerpwcenOL wteect=tncg ate tne two focal points just 
described will be outlined below. 


It should be noted that in this experimental setup, 


the focusing lens is moved to produce the desired image. The 
plane where the image is produced, i.e., the TV camera is not 
moved. A small movement of the focusing lens gives two 
different images. Both images provide useful imformation. 


Piece =a rte two focal points is easily 
accomplished because the focusing lens is mounted on a 
m merely Controlled, motorized translation stage. The first 
merit at which to focus the lens is the object at infinity. 
ies itoht from the object at infinity can be redirected with 
Myo Mirrors On posts to go into the focusing lens and TV 
Camera. This will give the sector star target pattern. Once 
Meee £OCUS point is fotnd, the position is noted on the 
aeoital readout of the controller for the translation stage. 
The setup shown below in Figure 7 shows how the focusing is 
done. ieee idemweits Serie 1s Only a slight modification 


from the experimental setup shown before in Figure 2.) 


a3 









Breadboard 


Object at Infinity 


Mirror 


Focusing Lens Mounted on Motorized 


| To Stage 


SIT TV Camera 





Figure 7: Focusing on the object at infinity. The obje@Gauam 
infinity (shown previously in Figure 3) produces paraiiiea 
laghiererays:. This parallel light is reflected into wma 
focusing lens to establish one of the two focal pointesS@igem 


the lens. 


The other focal point is the beam spot on the Suriage 
of the OTR foil itself. The smooth surface of the OTR foil 
provides no object on which to focus. Another object cane. 
placed at the same distance from the lens as the OTR foam 
and focusing can be accomplished on it instead. A SketCiiiiame 
shown below in Figure 8. Thus, the two focusing positions are 
established. Focusing at infinity gives the OTR patteumm 
which is the characteristic double hunp in one dimensieue 


Focusing at the OTR foil yields the beam profile. 
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Breadboard 









Tlluminated Object 
{can be anything) 


Focusing Lens Mounted on Motorized 


| 
7 a Stage 


rror SIT TV Camera 


Figure 8: Focusing on the beam spot. The distance from the 
focusing lens to the illuminated object equals the distance 


maom che focusing lens to the OTR foil. 


Cicewene = feocusinmg wat thewtwo positions has been 
accomplished, the optical preparations are complete. The 
experiment can proceed by running the linear accelerator. 
The electron beam is focused onto the two points established 
by the laser beam: the center of the alignment mirror in the 
first chamber (which can be viewed through a window with an 
extra TV camera), and the center of the main TV camera 
Pewerure. Coupling the laser beam and electron beam is an 
Meee aelve process since only one point can be established at 


eee me . 
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III. UNDERSTANDING THE SOFTWARE 


A. GENERAL DESCRIPTION OF THE SOFTWARE 
Chapter II described an experimental setup and procedure 
which generates a video image of an optical transition 
radiation DPattemmue The video image is input into a 
microcomputer for image processing and analysis; a Macintosh 
II PC was used in thismwere Video image processing and 
analysis were accomplished through the use of two software 
Prograns. The QuickCapture software application provided 
along with the QuickCapture frame grabber board Nastia 
somewhat limited image processing capability. Image Version 
1.14 is a public domain shareware program designed by the 
National Institute of Health, Bethesda, Maryland. Image 1.14 
has an excellent capability to process digital images. Seams 
of these programs will be discussed in detail in this 
chapter. 
1. QuickCapture 
The QuickCapture software package complements the 
Quickcapture frame grabber board mentioned earlier. Both are 
manufactured by Data Translation, Inc., §of )Mantes ia 
Massachusetts. Together, the frame grabber board and 
QuickCapture application allow the user to capture images in 
digital format from the live video signal it receives. An 


outline of some of QuickCapture's menus and functions is 


a0 


shown in Table 1. Picmereogram accepts Cellemmor black and 
white images in analog or digital format, and offers up to 
256 possible gray levels on a 480 by 640 pixel picture. 
OuickCapture has the capability to capture images, display 
live video, sharpen and smooth images, and perform arithmetic 
operations between two images. Subtraction of one image from 
another is one of the available arithmetic operations. The 
M@eeractton fLumetion can be used to subtract a blank 
background image from an image which has a beam spot on it, a 
process which is of interest when analyzing beam profiles, 
Such as in OTR patterns. [Ref. 14] 
2. Image Version 1.14 
Image Version 1.14 was the main software package used 
in this experiment for image processing and analysis. Image 
1.14 is a public domain program designed specifically for 
digital image processing and analysis on a Macintosh II PC. 
Designed by the National Institute of Health in Bethesda, 
Maryland, the program can acquire, enhance, measure, edit, 
animate, and print images. Table 2 lists an outline of some 
Pee ne functions that are possible with this program. Not 
fisted on Table 2 are the functions previously listed in 
table 1; Image 1.14 can perform all the functions offered by 
Sree OQuickCapture program. 
Poe image 1.14 program supports the Data Translation 


OuickCapture frame grabber board for digitizing images using 
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MENU NAME, Function 


IMAGE MENU 
Capture - captures an image. 
Live video - displays live video image. 
Statistics - shows the distribution of gray levels ina 
selected area. 
GRAYSCALE MENU 
Several options available wich allow user to choose @2, 
16, 64, or 256 gray levels in the displayed image. 
ENHANCE MENU 
Sharpen - increases contrast in selected areas. 
Smooth - decreases contrast in selected areas 
Histogram Equalization - evenly distributes the grayscale 
values of the pixels in a selected area. 
Image Calculator — performs arithmetic fLumeweeme 
Addition/Subtraction - will add/subtract two images, 
or to add/subtract a constant value to an images 
Multiplication/Division - will multiply/dividewe a 


constant to increase/reduce comt race 


TABLE 1: Some of the QuickCapture options available to use 
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MENU NAME, Function 
FILE MENU 
iia eeewosSer £O IMpert image files created by 
non-Macintosh systems. 
FUNCTIONS MENU 
Mieligercinge-] 3° 3S Spatial convolutions allow the user to 
Smooth, Sharpen, Convolve, Reduce Noise and Convolve. 
Average Frames - user specifies number of frames to be 
averaged. Regquires large amount of computer memory. 
ANALYSIS MENU 
Measure - computes the area, mean, standard deviation, 
minimum and maximum intensity, perimeter length and 
integrated density of selected area. 
TO gee Veragesee NOEs = provides density profile .of 


selected rectangular area. 


SD Plot - generates a 3D display of the current 
Seleorion. 

pave Blank FPield —- used to correct for nonuniform camera 
response. 


TOOL (Tools are found under Look-Up Table) 

Bemctey Profile Tool - provides a one dimensional 
intensity line scan selected by user. Line can be l, 
EO, Oro pixels in width. 

ieeos 2: Some of Image 1.14's options. All of QuickCapture's 


Bee2ons are also available, but are not listed here. 


CAS, 


eevee ame rar. Like QuickCapture, Image 1.14 alsoWacccaas 
either color or black and white images in digital format yee 
displays 256 color or shades of gray, and creates images that 
are 512 pixels high by 600 pixels wide. The program impemee 
and exports files in both the TIFF and PICT format, provicaae 
compatibility with many other Macintosh applications. (7aee8 
and PICT are just two of several different file fornmemes 
TIFF 18 a good format for saving digital images, while )eaea 
1s useful for images to be exported to other Macineg@ea 
apolacar2ons., } Standard image processing functions include 
histogram equalization, density profiling, smec@ uae 
sharpening, noise reduction, spatial convolutions, "anemee 
variety of measurement functions. Acquired images Canwiee 
frame averaged, shading corrected, and magnified up to eight 
times. Image 1.14 is easy to learn and is ideally suiteqc eas 
image processing associated with optical transition rediaguem 


experiments. 


Jee MASTERING THE SOFTWARE 

aving described the general features of the two software 
programs, specific procedures for capturing, processing, and 
analyzing video images will now be discussed. Because Image 
1.14 has image processing capabilities in addition to the 
Same basic functions as QuickCapture, it was used almost 
exclusively in this thesis. The Image 1.14 program is 


Straightforward to use, but the details provided here will 
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Poe eo met rot mmumMoerslLanding of the capabilities and 
limitations of the program, and will also assist future work 
meork beam profiling. 

Like other Macintosh programs, the Image 1.14 program is 
divided into menus, which are further divided into individual 
mamctions. i eeice NOME OCS PLOovwlGemtlrener Options for the 
user. Procedures will be explained with reference to 
Perticular menus, functions or tools. 

The first and simplest task which must be mastered is how 
to capture an image, also known as "grabbing" an image. For 
the purposes of simply looking at something on a screen, any 
image will do. However, for the purposes of beam profiling 
Smemmena yZ1ng Cdta, Certain steps must be taken to ensure 
that the three dimensional beam profile gives useful 
marormation. Viewed up close, TV pictures often consist of 
alternating horizontal lines. One line carries information 
mm@emevearties in color (Or intensity on a black and white 
Paecture) . The other line carries no information, and is 
eeeeger Completely black or white. On most TV pictures, this 
"no-information" line is black, and the Image 1.14 program is 
initially set up to have black lines for the lines which 
@eery no information. 

Through experimentation, it was found that the best 
procedure for capturing an image was to first establish a 


ma@ec background for the image. Eye ae Ene? Dackground 
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with the color black, consistent results were realized. The 
user chooses the Fill command from the Edit Meni \eeme= eee 
uniform black background. Once a completely black picture is 
on the computer screen, the user chooses the Start Digitizing 
command under the Functions menu, and captures the image with 
the “Step BPicgitizing seornmaner The user must then useene 
Invert command under the Edit menu to get a three dimensional 
profile which appears as shown in Figure 9. By using the 
Invert command, the background is seen as white Wiehe 
intensity value of zero, and video is seen as gray or black 
with intensity values between one and 255. If the image is 
not inverted, the three dimensional plot produced appearsmime 
go inward, as shown in Figure 10, rather than outward as in 
Figure 9. 

For the purposes of beam profiling, several Wserem 
analytical functions are contained inv imagens As shown 
in Figure A3 in Appendix A, the intensity profile of an OTR 
pattern contains much useful information. Image 1.14 Nasmieae 
capability to generate one dimensional intensity scans 
SiMidar “to Pigure, Ace The Density Profile tool gives an 
intensity profile versus position for any line drawn one 
screen. The width of the line can be 1, 2, 3, 4)))60euee 
pixels wide, where averaging is performed when the width is 
greater than one. The vertical scaling can be selecteqiiay 


the user, or automatically scaled by the program. Figume ws 
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wie Seomecenstnyveeeortle “plot with three different pixel 
widths where the user has selected the scaling of 0 to 255. 
The Density Profile tool is an used to look at the intensity 
of individual horizontal line scans. LOOeEeCGetomorR, this 
function gives a one dimensional intensity scan of an OTR 
jmaetern. 

PmM@tWer fUNcElOn available in Image 1.14 for beam 
Meeriling is the Column Average Plot. MipmcommelMece On 1S 
wemelar to the Density Profile tool just described, but the 
user selects a rectangular area of interest instead of a 
eagle line. Recall that the Density Profile tool produces 


an intensity scan for a line with width between one and 


eight. The Column Average Plot function can produce an 
intensity scan for a line of any desired width. Pigures 2 
Eews am Cxample of a Column Average Plot. tie hos lzonea ll 


Peeve Of the plot corresponds to the horizontal width of the 
user-selected rectangle. The vertical direction of the plot 
represents the average intensity of the pixels in the 
eemresponding vertical column in the selection. 

PoeadGdiiugon tO Intensity scan functions, Image 1.14 also 
Meemeai Integrated Density function which calculates the 
density within a particular area of an image. The user 
selects an area of interest, and the Integrated Density 
function will give a number for that area according to the 


meeelowing formula: 


Sie 


COO | 000 


»  QOO 
H=S4 Mean=159.97 N=S4 0 Mean=1So.25 


we oo N=s Mean=150.74 


Scan with: S2epa vers 2 ale 8 pixels 


Figure 11: Density profile plot for a laser beam image. 


This 1S a one-dimensional line scan of a beam spot. 


line is 35 pixels in length, but vary in width, oiVinge 


and 8 pixel wide scans. (SITCAM) 
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200 


I tt eee 


140 
N=170 Mesan=ti444 Width=15 


Figure 12: Column Average Plot of a laser beam image. Note 
the flat top indicates saturation, and there is a large 
amount of background fluctuation. The area selected was 170 


fmeeeers long by 15 pixels wide, camera used was SITCAM. 


37 


Integrated Density = N*Mean Density - N*BackgroUnadyeenewe:s 


where N is the number of pixels in the selection; ame 
Background Density is the modal density after smoothing. By 
choosing areas of identical size while keeping the TV camera 
gain constant, several different images can be compared with 
the Integrated Dens ey Veuncrtiron- Comparisons of this "eypee 
appear in the next chapter. 

The Functions menu offers an option to Average Pram aes 
The user can select between eight and 100 frames "Gomeee 
averaged before an image is grabbed. Averaging a large 
number of frames requires a large amount of free memory Space 
on the computer hard disk. The utility of this funcevenmam 
to reduce the effect of background noise. The Average aie 
function was found to be useful and will be discussed in the 
NEE “Clas her 

Both the QuickCapture and Image 1.14 programs haveum 
capability to perform arithmetic functions between uae 
images. The user can add or subtract images, and aces 
subtract, multiply, or divide by a constant to altcriiaus 
contrast of the image. For example, selecting the subtract 
option will subtract one image from another, which is useful 
for finding differences between two images. An application 


of the subtract option used in this thesis was to SubUracua 
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PianemiackGrOuUnGawImMegcmt£rom an amage that had a laser beam 
sooe. On it. TiemUittltny "orethe subtract option will appear 
my Chapter IV. 

The final option under the Analysis menu is the 3D plot, 
or Three Dimensional Plot. An example of a three dimensional 
plot has already been shown in Figure 9. It is the most 
Meerut analytical function for quick (almost real time) 
Sm@elitative results. The user can select an area to be 
Ported, ranging from very small up to the entire picture. 
Since the three dimensional plot produced by the program is 
square-shaped, the user should select a square area from the 
Mieture in order to maintain proportionality. 

In addition to the Analysis menu, there is a Functions 
menu for manipulating the raw data. Leer semesemlikely that 
these options will remain unused for any actual beam profile 
Measurements. They are essentially filtering functions such 
as Smooth, Sharpen, Reduce Noise, Dither, and Convolve. 

Peteaeeenicr “standard Macintosh functions can be found 
Mmecr Other menus, such as Cut, Copy, Paste, Rotate, etc. An 
extensive tools window allows further manipulation of the 
picture. One noteworthy tool is the Magnifying Glass which 
can zoom until the screen has a picture seven pixels by nine 


pixels. 


Be, 


IV. EXPERIMENTAL RESULTS 


Pts RESULTS 

As mentioned previously in Chapter I, this experiment was 
originally intended to include extensive profiling results 
from actual OTR measurements. Since the linear accelerator 
waS unavailable to produce an OTR pattern, a laser beam was 
Substituted to provide the source. It should be clearly 
understood that these results are directly applicable to 
experimental work on linear accelerators, and especially for 
OTR experiments. A laser beam has been used to establish a 
capability to measure optical transition radiation. 

1. Lens Scan 

Referring back to Figure 1, it can be seen thatyere 


intensity of OTR patterns is a strong function of Che cme 


of observation (measured from the angle of Specuuiems 
EEeltleeruon) | In Appendix A, equation 1 also shows the 
dependence of the intensity on the same angle. Similarly, in 


this experiment the intensity of the OTR pattern seen by the 
TV camera is a function of pixel position on the face of the 
TV camera. Thus, a relationship exists between pixel 
position and the angular measurement from the optical axis, 
1.e., the angle between individual pixel position and the 


optical centerline defined by a specular reflection from the 
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SiR mirror ; The correlation between the pixel position and 
angular measurement can be seen in Figure 13. 

Since the TV camera measures individual pixel position 
Pence OR Saintensity ais a function of an angular 
measurement, there must be a method to correlate the measured 
parameter (pixel position) with the desired parameter 
(angular position). This method shall be called a lens scan. 
The equipment setup for a lens scan is shown in Figure 14, 
Meio Nor Modlin reatton of Che Origamal experimental 
setup shown in Figure 2. 

ie SpueecelUre mw merm sae reTIS  SCan 2S Straightr&orward. 
With the TV camera on and the laser beam centered on the 
meeusing lens, the rotating mirror is rotated through 360°. 
mimeeonttoller for the rotating mirror gives a digital 
Geagout Of Position, and this can be equated to 2N radians. 
meewas found that one radian corresponded to 43,340 units on 
the controller, and so one milliradian equaled approximately 
43.34 units. This angular measurement was then converted to 
pixels by scanning across the focusing lens between two 
Poeants. Lavaca Mcan toma that 8.51 units on the rotary 
meege Controller corresponded to 1 pixel on the Macintosh II 
ae. (The output of the TV camera is viewed directly on the 
SemeuLrer.) Thus, one pixel on the Macintosh II PC equals 600 


tmeroradians for this particular setup. 
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Incoming Electron Beam 


(or Laser Beam) 


Face of TV Camera 


Optical Centerline Axis 


(Defined by Specular Individual 
Reflection From Mirror) a | 


<] 





Pixel Position 


Fixed OTR Mirror 


Pixel 
Angular Measurement 


From Optical Axis (Drawing Not to Scale) 


+ Distance "S" ——————————"__» 


Figure 13: Intensity of OTR pattern as a function of angular 


measurement and pixel position. Intensity of the OTR pattern 


is sensed at the TV camera by individual pixel position, 


which must be correlated to an angular measurement from the 


optical centerline. 
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Rotating mirror 





Rotary Stage 


Focusing lens 


sOL 


Fixed Mirror SIT TV Camera 


Figure 14: Equipment setup for a lens scan. Note this is 
only a slight modification of the experimental setup shown in 


meagre 2. 
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In order for the lens scan to properly correlavew pum 
position and angular measurements, one critical distance must 
be realized. The distance from the center of the rotating 
mirror (where the laser beam reflects off it) to the focusing 
lens (distance "S" on Figure 13) should be as ete as 
possible to the distance from the OTR mirror to the focus@nag 
lens. By placing the rotating mirror the same distance from 
the focusing lens as the OTR mirror, the angle of the lens 
scan will equal the angle from an OTR pattern. 

2. TV Camera Response 

The response of two types of TV cameras 
investigated with the IMAGE software: a common Vidicon for 
everyday applications, and a silicon-intensified targeumi 
camera (SITCAM) designed for low light level use. The 
Vidicon carried information on every horizontal line of 
pixels, whereas the SITCAM carried information only on every 
other line. Both of these cameras have manual gain control 
so that camera gain could be kept constant. Constant Gaim 
the TV camera iS an important feature when comparing one 
image to another. A camera with automatic gain will respond 
differently for images with different light levels. 

The intensity of the light entering the TV camera can be 
changed by inserting neutral density filters in the path of 
the laser beam. Neutral density filters are specified in 


terms of their optical dencsmny ale Optical density is a 
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measure of the filter, such that the higher the optical 
density a filter has, the greater the attenuation of the 
light going through it. Optical density, D, can be defined as 


the base 10 logarithm of the inverse of the transmittance, T: 


B= 100 vad ae 


where T is the transmittance of light through the filter. An 
Peertecal Gensity of Lf will transmit O.1 of the light incident 
Meone it. iif Optical density is 2, then transmission is 0.01, 
etc. When stacked in series, optical densities are additive, 
wemethat Diota] — 01 + Do + D3. [Ref 15] 

In this experiment, it was found that if the optical 
density of the filters inserted in front of the laser beam 
were too great, the beam spot was not visible. Conversely, 
an optical density which was too low meant that the laser 
light saturated the TV camera, producing a flat-topped beam 
Pietile, shown in Figure 15. The SITCAM seemed much more 
susceptible to saturation. The user must use the proper 
mmemnt of filtering to prevent saturation, which is 
determined through experimentation. 

3. Background Noise 

In addition to the saturation problem just mentioned, 
the TV cameras also exhibited a large amount of background 


Merse, i.e., the intensity variation of individual pixels. 
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Flat-topping iS Capers 


Flat-topped beam profile. 


EVQure 5: 


Dy saturation of the TV camera (SLLCAM 
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ae erm custeyeorma Clank background varied a great deal, 
sometimes as much as 25 or even 30 units on a 256 unit 
intensity scale. The level of variation in the background is 
of concern so that some level of confidence can be placed in 
intensity measurements for an individual pixel. Therefore, 
by determining the variation of intensity in the background, 
one can also determine what is a significant intensity 
variation and what must be considered simply systematic error 
or noise. 

As can be seen in the celumn average plot of Figure 
16, the background level varies considerably. The width of 
the column average plot in Figure 16 is 25 pixels, which 
Meeus that 25 pixel intensity values from the image were 
averaged to calculate one intensity value for the plot. 
Since the intensity of the background as shown on the plot is 
Memeeconstant, this indicates the background intensity of the 
image is varying considerably. 

Upon closer examination of the experimental setup, it 
meeeecound that the digitizer, computer with frame grabber, 
and auxiliary TV monitor were all on separate power sources. 
This mismatch of power sources introduced interference 
Meeween the 60 Hertz inputs to the digitizer, computer, and 
monitor. Sufficient interference was introduced to cause 
alternating light and dark horizontal bands to move up the TV 


Memetor screen and also the PC screen. The interference 
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N=100 Mean=11.09 Width=25 
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N2190 Mean=11.16 ‘Width=25 
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N=100 Mean=11.91 Width=25 


Figure 16: Column Average plot of three images taken under 
the same camera conditions. Note the high leveiiiiga 
background variation, due to electronic componentsmeed 
separate power sources. The area selected is 100 pixels long 


by 25 pixels wide, camera used was Vidicon. 
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Begsea large Variat tons in the antensity of inda@vidual pixels 
as seen on the computer screen, and also in the captured 
images. 

The TV monitor derives its vertical synchronization 
from the camera and camera control unit (CCU). Since the 
monitor and PC were on separate 60 Hertz power lines, they 
were not synchronized with the camera and camera control 
mimat . By placing all four pieces of equipment (TV camera, 
CCU, monitor, and PC) on the same power source, the vertical 
synchronization was achieved. The horizontal bands moving up 
the screen were eliminated and individual pixel intensity 
variations were down to five intensity units. Figure 17 
Shows the column average plots of three laser spots taken 
with reduced background noise. These three pictures give 
Bemearkably similar results: a steady background, a similar 
mean value, and similar beam profile. Thus, a means for 
establishing a low background noise level has been 
established. 

4. Qualitative Results 

Up to this point, the discussion has been limited to 
methods of obtaining digital images, calibrating results to 
match experimental setup, and reducing gross background 
fluctuations. Now, the discussion will focus on methods of 
comparing measurements between two or more images. The 


measurements will be both qualitative and quantitative. 
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Figure 17: Column Average plot of three images taken under 
reduced background level conditions. High background noise 
level has been reduced by drawing electrical power from same 
Source for computer, digitizer, camera control Unite 
auxiiiary 2 mermiseens Compare with Figure Woe The area 
selected is 100 pixels long by 25 pixels widemesanemere Figure 
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Soeteagiee transition radiation measurements require an 
extremely fine capability to meaSure intensity, a measurement 
Mme ecmNoCrOcr JOnmelcoce than one percent error. Since OLR 
patterns were not available for viewing and measuring 
intensity, a laser beam was used to provide the image. By 
comparing several images of the same source, one can obtain 
an idea of the capabilities of the experimental setup. 

In this section, qualitative results will be discussed. 
The Single qualitative measurement used was the 
three-dimensional plot. 

Several images of a laser beam were taken successively 
(under the same camera conditions) in order to determine to 
what degree the image stays constant. Three-dimensional 
plots from three different images are shown in Figures 18, 
imo, and 20. Note that although individual pixel intensities 
fees Varying within the beamspot giving slightly different 
intensity profiles, the overall profile appears to remain 
constant. This suggests that a qualitative result such as a 
three-dimensional beam profile will remain constant without 
Significant deviation. Pek anol “experiment, one could 
easily verify the reproduceability of the OTR pattern by 
using this same idea. 

Another effect which was investigated was that of 
altering the orientation of the neutral density filters. 


Images of a laser beam were taken with the filters at three 


a] 





Figure 18: Beam profile of laser spot image. Compare with 
following two figures which were taken successively under the 
Same camera conditions. Note that the beam profile remains 
essentially constant between the three figures. The area 


chesen waS 25 by 25 S@tare wi xelom eae 


Syed 





Figure 19: Beam profile of laser spot image taken under same 
conditions as Figures 18 and 20. Beam profile appears to 


Peey CONStant. Same area chosen as Figure 18 (SITCAM). 





Figure 20: Beam profile of laser spot image taken under the 
same conditions as Figures [leancw Note only slight 
Changes between the three images. Same area chosen as 


FIQUDeES Towanda! 9 ssi eA 
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G@eeterent positions: mormal to the beam, just offset from 
normal, and offset at approximately 45°. The effect is shown 
mimi tgqures 21, 22, and 23. The three-dimensional plot for 
the normal and off-normal case are nearly identical. The 
plot for the 45° case is greatly diminished in height. die 
can be seen that the three-dimensional plot is a useful tool 
to produce qualitative results for beam profiling. 
5. Quantitative Results 

In addition to the qualitative result above, Image 
Mees Provides a Capability to produce quantitative results. 
The quantitative measurement method chosen was the integrated 
@emsity function. Recall from Chapter III how integrated 


density is calculated: 


Integrated Density = N*Mean Density - N*Background Density, 


where N is the number of pixels in the selection and 
meekgGround Density is the modal density after smoothing. 
(Modal density is the most frequently occurring density level 
within the selection.) Because the intensity of the beam 
image above the background is of primary interest, the 
mmiegrated density function was the chosen method of 
measurement. Beepcanm —Gurckiy produce a number which 
répresents the intensity of a selected area. In the figures 


Shown in this section, several images were taken successively 


i) 





Figure 21: Beam profile of laser beam with neutral demeumee 
filters oriented perpendicular t€6 the beameoauam Compare 


with the following two figures (SITCAM). 


She 





Figure 22: Beam profile of laser beam with neutral density 
Beleers slightly offset from perpendicular to laser beam 
: Meee COMpPare with preceding and following figures. Note 


Mies enis figure appears very Similar to Figure 21 (SITCAM). 
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Figure 23: Beam profile of neutral density fi11tCers 67 tog 
at 45° to laser beam path. Compare with Figure 21 and 22 to 


notice the large reduction in intens@ry (5 0Ge. oe 
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Witt the Camera Gaim held constant - The integrated density 
of a constant area was taken for each image, and each 
Mireqralted density value is normalized with respect to the 
average of all values for the run. 

Paguirece 24> amde 25 illustrate the variation of 
integrated density for several images taken successively. 
The SITCAM TV camera was used to capture images of the laser 
beam, but camera gain was changed between the two runs. = 
Peremaricant variation of about 10% is seen. 

As mentioned above in the quantitative results 


section, the orientation of neutral density filters was 


examined. Figure 26 shows the results for filters oriented 
normal, and just off-normal to the laser beam. The 45° 
Prset is not shown. The off-normal average is not 


referenced to 1.0, but rather is referenced to the average 
for the normal case. The off-normal case shows a decrease in 
integrated density. By orienting the filters offset from the 
normal, a longer path for attenuating the beam is presented, 
SO a decrease in intensity is expected. 

The effect of filter position was also examined. As 
Shown in Figure 27, the filters were placed at position 1, 
directly in front of the laser; and also at position 2, at a 
great distance from the laser. Figure 28 shows the results 
Of the Integrated Density function for these two cases. The 


intensity was higher when the filters were directly in front 
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Comparison of integrated density for S@veim 


laser beam images taken successively under the same camera 
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Compare with Figure 25. Note large variat@onms 


Integrated density values have been normalized to 


the average of all values for this run (oie 
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Figure 25: Comparison of integrated density values for 
several laser beam images taken successively under the same 
Camera conditions. Compare with Figure 24. Large variations 
are evident. Integrated density values normalized to the 


average of all values for this run (SITCAM). 
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COMPARISON OF FILTER ORIENTATIONS 
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Figure 26; Compariscnmer meme eiceeace integrated density 
values of successive laser beam images for two orientations 
of the neutral density filters. The off-normal Case SiGy =e 
decrease in the integrated density. All values normalized to 


the average for the normal case (Si1GAM)© 


62 


3' X 5' Optical Breadboard 


| Neutral Density Filter Positions 


Window 






Canon Lens 


SIT TV Camera 


wagure 27: Filter positions 1 and 2. This is the same basic 


experimental setup as shown before in Figure 2. 
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Figure 28: Comparison of normalized integrated density 


values for different filter positions of laser beam amag—es 


Position 1 is directly in front of the laser, position 2a 


far away 


higher when filters are in position 1. 


from the laser. Note that the integrated densi yaa 


All values normalazee 


to the average for the position 1 case (SITCAM). 
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of the laser beam at position 1. Since the filters diverge 
the laser light, this result was unexpected. A possible 
explanation may be that the focusing lens causes the 
divergent light to be focused, giving a more intense picture. 

By varying the optical density of the neutral density 
filters reducing the laser light, another filter effect was 
seen. As mentioned previously in section 2 of this chapter, a 
meeeitlic increase in the optical density of the filters 
corresponds to a certain decrease in the intensity of the 
Mmeamsmitted light. The optical density of the filters was 
increased by 0.1, which should result in a 26% decrease in 
mmeensity. The results are shown in Figure 29. (eAal 
integrated density values are normalized to the average for 
[mer OpLical density 5.8 case.) iiVereasing Bene Optical 
density causes the integrated density to decrease, which is 
expected, but the 26% reduction factor is not seen. The 
Peaquction is more of the order of 6%, which indicates that 
the capability to measure relative intensity between two 
images must be investigated further. Also, there remains a 
Significant variation in individual values for the integrated 
Mensity function. 

Bie wcecsultus Sshowm above ian Figures 24, 25, 26, 28, and 
memeconsistently show a large fluctuation in the value of 
integrated density between several images taken under the 


Same camera conditions. Investigative efforts toward 
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Figure 29: Comparison wor integrated density of laser beam 
image for two different optical densities. Note that 
increasing the optical density causes a decrease In 9a 
integrated density. All values are normalized to the aves. 


for the 5. / case Ksrich es 
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a ovemrom liom Meeiaeton were directed to the Image 1.14 
software program. Two functions from the Image 1.14 program 
were examined: the Subtract function, and the Average Frames 
mime lon. 

Vics oiMeaaeumMm~~mIncE Lon allows the user to subtract 
one image from another. A blank background image was 
Subtracted from another image which had a laser beam spot. 
The intention was to eliminate background effects, and 
highlight the image of the beam spot. The integrated density 
Of several images with background subtracted was calculated, 
fee the results shown in Figure 30. Wide variations in 
integrated density values are still evident. 

Another image processing function from Image 1.14 is 
the Average Frames function. The user can select between 
eight and 100 frames to be averaged in producing an image. 
Figure 31 shows the results from using the Vidicon TV camera 
to average eight frames. The variation level in integrated 
density between images is still a significant ten percent. 
Because the variation in integrated density between images 
waS not reduced by the Average Frames function, a final idea 
waS investigated. Instead of viewing a laser beam spot in 
the TV camera, the Vidicon camera was used to view a still 
image of the lab equipment used in the experimental setup. 


Figure 32 shows the result of viewing a still image rather 
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Figure 30: Comparison of integrated density for several 
images of a laser spot with the background subtracted aie. 
the significant variations ain hem morn aa integrated 


density values (SITCAM). 
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COMPARISON OF INTEGRATED DENSITY 
USING AVERAGE FRAMES FUNCTION 
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COMPARISON OF INTEGRATED DENSITY 
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Figure 32: Comparison of integrated density fo0r Seam 
images taken of a still image. The Vidion camera was )ie—@ 
along with the Average Frames function. Notice the yaa 
small variations in integrated density seen above 
comparison with Figure 30 (note the change in ve reaseam 


Scaling) a. (/idvecon) 
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than a laser beam image. Note that the vertical scaling is 
Significantly reduced from previous graphs. 
The Average Frame function produced an integrated 


density value which showed a 3% variation over the ten 


images. A 3% variation contrasts sharply with the previous 
figures presented which had 10 to 15% variations. The 
utility of the Average Frame function can be seen. The laser 


beam image gave large variations in the integrated density, 
but a still video image gave much smaller variations. The 
laser was assumed to be a constant image light source, but 
this was an incorrect assumption. 

Upon further investigation of the result shown above 
Bemmceteac Open Intensity), it was found that the laser 
being used was not mode-locked, i.e., its modes are unstable. 
AS a consequence, the polarization of the laser is changing 
with time. When this laser is used in an experimental setup 
with two reflections, one particular linear polarization 
State is preferential over another. The intensity, as 
@eserved by the camera, is changing with time. To test this 
conclusion, a polarizing filter was placed between the laser 
Pee the two reflections of the setup. The result was a 
dramatic, sharply varying intensity of the laser beam image 
seen by the TV camera. Several images were taken of the 
Mao Deam pointing directly into the SITCAM with no 


reflections. The results are shown in Figure 33, with the 
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COMPARISON OF INTEGRATED DENSITY 
FOR REFLECTIONS AND NO-REFLECTION CASES 
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Figure 33: Comparison of the Integrated Density funcl Pomme 
the case of laser beam image with reflections janGaaae 
reflections. Reflections case means that laser beam reflects 
off two mirrors,no reflections case means that laser beam 
goes directly into TV camera. Note Significant decreascuiaam 


no reflections case. (SITCAM) 
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previous results of Figure 24 superimposed. Figure 24 was 
taken with the same camera under the same conditions, but 
with the two mirror reflections. Note the large decrease in 
the variation of integrated density between images for the 
case of no reflections. 

Tie amportant pPolmt to note is that™the polarization 
of the laser beam is changing as the beam goes through the 
setup and reflects off the two mirrors. The result is that 
the intensity seen by the TV camera is changing with time, 
not constant, as assumed. 

6. Experimental Pitfalls and Lessons Learned 

Experimental work involves solving problems not 
previously encountered, with much time spent finding 
Selutions that may appear obvious after the fact. As a 
footnote to this chapter on experimental results, several 
experimental pitfalls and lessons learned will be discussed 
Miechis section. It must be emphasized that this is a 
composite list of methods not to be used and lessons learned 
after considerable time had been invested. By grouping these 
Peeralis and problems in one section, it is hoped that future 
experimental work in OTR will be able to benefit from this 
work. 

Chapter III included a procedure to capture images. 
Two points are worth mentioning regarding the image capturing 


process. The method presented earlier included inverting 
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images after they were captured in order to obtain three 
dimensional plots which appear similar to VFigu eu. When 
continually inverting images, it is possible that ame 
background will retain the image previously captured. The 
reason for this is unclear, but the problem can be )solvcamae 
using the Fill command to fill the background with the jeomem 
black. A good image can then be captured and inverted. 

Another method to solve the problem just described was 
investigated, and shown to be a method not to be used. The 
cave Blank Fielid command under the Analysis menu will Savemm 
medium brightness blank field used to correct for nonuniieam 
illumination and nonuniform response of the video camera. It 
is selected while in the live video mode, and then an image 
is captured. The resulting image gave a three-dimensional 
plot which was distorted, appearing half up, half down, or 
not appearing at all. No useful results were obtained using 
the Save Blank Pieldeeptionme 


The problem of Saturation of the TV Camera 


mentioned. Saturating the TV camera produces the flat—topaee 
beamm@profile when is of Smee use Much time was spent 
examining images which were saturated. While doing 


experimental work and examining several parameters, a 
continual effort should be made to prevent saturation so that 


results are useful. 
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Background noise was also discussed as a source of error. 
The signals between the computer, camera, camera control 
Whit, and auxiliary monitor must be vertically synchronized. 
By putting these four electronic components on the same 60 Hz 
power source, gross background noise was eliminated. 

The Subtraction function was mentioned as a method to 
meauce background effects. Both the QuickCapture and Image 
Paro orograms have the Subtract option. ie mouLckeaplure 
meegram produced an image which only carried video 
information on every fifth line so it was not useful. A 
feeeeeton tO this problem was not found for QuickCapture. 
However, Image 1.14 produced a useful image, so it was used 
mensubtract images instead of QuickCapture. 

iGemeaverage Frames function was shown to be very 
useful for reducing the variation in integrated density 
values between several images. The TV camera used to obtain 
Mee ceSult was the Vidicon, not the SITCAM. Initial efforts 
of this work were directed toward understanding the 
capabilities of the SITCAM because it would have been the 
camera used to view OTR images from the LINAC. The Average 
meames Lunction did not work with the SITCAM, though, because 
the image continually moved around on the screen. The image 
would jump between two spots on the screen about 20 pixels 
apart, and also horizontally and vertically by a single 


mexel. The auxiliary TV monitor produced a steady image 


Tes 


which did not move around on its screen. It was found that 
there is a problem of signal synchronization DetWweeh seme 
SITCAM and the frame grabber board. The frame grabber board 
requires a standard RS-170 signal, and the signal from the 
SITCAM should also be RS-170 [Ref. 16]. A synchronization 
board had been added to the camera control unit of the SITCAM 
to create a standard RS-170 signal, so the G€xact reasem eee 
the cause of the synchronization mismatch is still uneveaus 
Since the signal coming out of the SITCAM digitizonpuee 
producing a good signal on an auxiliary monitor, it Sio@ueae 
also produce a steady image on the Macintosh computer in the 
live video mode, but this was not the case. Further efforts 
to resolve the moving image problem on the Macintosh screen 
are required. Individual images can be captureaq Vama 
quantitative results can be produced. The ability to average 
several frames before capturing images, however, is not 
possible with the SITCAM because the image is not steady on 


the screen. 


C. CONCLUSIONS 

The experimental setup described in this work is an 
integrated system to observe and measure optical transition 
radiation. Useful qualitative results are quickly produced 
with this setup. In addition, the experimental setup and 
software packages described is a quantitative system ready 


for use with an electron beam. The capability to measure 
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pe eiGcHimMeLanclelonmmaedadtatton from an electron beam has been 
shown. 

The experimental setup described in this work will 
measure optical transition radiation effectively with an 
angular resolution of 600 microradians. The frame grabber 
board and accompanying software (Image 1.14 and QuickCapture) 
are designed to obtain images quickly and easily. The basic 
optical design facilitates an alignment procedure which will 
accurately couple the electron beam from a linear accelerator 
to the optical axis of the experimental setup. The two focal 
planes of interest can be found and maintained while running 
the experiment. 

The software manipulation has been extensively described, 
and its advantages and disadvantages have been detailed. 
Capturing images is an easy process, and a three dimensional 
plot can quickly produce useful qualitative results. One 
dimensional line scans (profile plots) are very useful for 
analyzing OTR images. The Average Frames function was found 
to work quite well with the Vidicon which produced an image 
that did not move around on the computer screen. The 
Pee grated Density function exhibits a capability to measure 
metative intensity. A software option to subtract out the 
background is available to the user as a method to reduce 


variations between images. The three dimensional plots 


el 


produced by Image 1.14 are a very useful qualitative Tresmame 
in quickly determining beam profiles. 

Individual pixel variations in intensity were ~commonsae 
tl unit, and at most + 2 intensity units on a 256 Unie =Sseauees 
an error of only +1%. When the SITCAM TV camera was used, 
the image on the Macintosh PC screen continually moved around 
on the computer screen, disallowing the Average reams 
function. The orientation and positioning of neutral demeaiae 
filters is critical, and varying either of these parameters 
can significantly affect one's results. Difficulties with 
excessive background noise fluctuations were encountered and 
corrected by using a common power source to provide Venumweam 


SYVNCRrOna Zauwen. 


De. RECOMMENDATIONS 
Recommendation for further work in this are include: (1) 
eliminating the movement of the beam spot within the image on 
the computer screen, (2) developing a data file of the 
digitized image for the purposes of user designed data 
analysis, and (3) investigating the capability to accuragemm® 


measure absolute intensity of the OTR pateermne 


(es 


APPENDIX A. OPTICAL TRANSITION RADIATION THEORY 


Transition radiation is produced whenever a charged 
particle moving uniformly in a straight line crosses the 
interface between two media with different dielectric 
constants, such as from a vacuum to a metal. The radiation 
eeerrum produced 1S continuous, ranging from x-rays to 
microwaves. Mit ieeoasetidntmie seoneceopr 1m 1944, Frank and 
Seisourog noted that the intensity, polarization, and angular 
distribution of the radiation depend on the dielectric 
properties of the two media [Ref. 1]. 

Peace tlemeeraalatwom (TR) can be thought of as a 
collapsing dipole, i.e., an electron and its image charge 
positron moving directly toward each other, as seen in the 


Eagure Al below [Ref. 17]: 


vacuum metal 







charge q "image charge" 


Z 
Wp 


Figure Al: Collapsing dipole model of OTR. 


Eeayectory of charge 


US 


When the electron hits the surface of the second medium, it 
annihilates with its image charge positron, producing 4a 
cone-shaped radiation pattern in the forward and =back yas 
directions. 

The resulting intensity for a particle of charge e mova 


With velocity vy is 


dI e¢ B24 sin20 
= (Eqns) 


dwdaQ m2 c [1- B4 cos20)2 
where dQ is the solid angle about 8, the angle of observation 
measured from the normal to the surface, and $ = v/c, with c 
the velocity of light [Ref. 18]. It can be easily Shown geaas 


the maximum intensity occurs at the angle O,= 1/%, where Vie 


E/mc@. E is the total relativistic particle energy, mc? is 
the particle rest mass energy, and Y is the Lorentz facuqms 
The equation listed above for the intensity of the produced 
radiation assumes the velocity of the electron is normal to 
the surface of ‘the smediune In an experimental setup, 
however, tilting the interface at a 45 degree angle tomea 
electron beam permits viewing the backward TR at an angle 
perpendicular to the electron beam line, as shown below in 


PAgurce- Als 
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interface 





electron beam 








forward radiation 
Dat eern 


backward radiation 
Pattern 


viewing equipment 


Figure A2: Backward tranSition radiation can be viewed by 


Orienting OTR interface at 45° to electron beam. 


where the backward radiation light is peaked at an angle 90° 
+ 0, from the electron beam axis. [inmeeenemewoenrcde tne light 
cone is centered around the angle of specular reflection. 
PijQueem = omctows a Schematic OTR intensity profile. 
This 1S a one-dimensional trace across the OTR pattern, and 
gives the charateristic double-hump apppearance. Note that 
the maximum intensity occurs at an angle of 0, =l/y. Also 
mote that the peak intensity is proportional to ye 
Finally, Figure A-4 is a picture of an OTR image from a 
past experiment conducted at the National Bureau of Standards 
eccelerator in Gaithersburg, Maryland [Ref. 10]. Note the 
G@onut shape of the beam profile, and also the double ring 


effect. The double ring is an interference effect. The 
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Figure A4: Photograph of OTR image from past experiment 
conducted at National Bureau of Standards, Gaithersburg, Md. 


[Ref. 10] 
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washed out image at the bottom of the picture is a 


reflection and is not useful. 
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APPENDIX B. LINAC CHARACTERISTICS 


The linear accelerator in use at the Naval Postgraduate 
Semool iS a radio-frequency, traveling microwave type of 
machine. It consists of three ten-foot accelerator sections, 
and each is powered by its own klystron amplifier which 
delivers up to 21 megawatts peak power. The RF pulse length 
is 3.5 microseconds, and 120 pulses are formed each second. 
Miemeobhecerons are injected from a thermionic emiSsion gun at 
80 kilovolts, exiting at a maximum energy of 100 Mev. The 
Pee-wage electron current is slightly less than 1 microamp. 
[itemoperating frequency is 2.856 GHz, which puts it in the 
ee oand. Operating energies range from 15 MeV to 100 MeV. 
Mies INAC at the Naval Postgraduate School is shown in Figure 
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Equipment layout at the LINAC, 


Fagure. Bi 
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APPENDIX C. EQUIPMENT LISTING 


Pent NUMBER; NAME; FUNCTION. 


Manufacturer 


(sumlebal 

200mm/1:2.8; Camera lens; focuses light pattern. 

N ie io Gia On 

mee OBD.1; 20th wave zerodur mirror, 2"; reflects light. 
maz0BD.1; 20th wave zerodur mirror, 1"; reflects light. 
meso, > xX 5' Optical breadboard; for mounting components. 
eo «6©6rod holder; vertical post for mounting components. 
eee; 4" rod holder; vertical post for mounting components. 
Pee o, 3S Support post; for mounting components. 

fee E>; Likxed height post; for mounting components. 
meee. o, 1,5" micro-support post; for mounting components. 
Meme; 2" micro-post holder; hold micro post. 

Sa, ©Ood collar; maintains post height. 

ee, micro post collar; maintains post height. 

MT-X; microtranslator stage; 1/4" travel stage. 

Peo; Micro optical rail; holds components to table. 
ee, 2° Square mirror mount; holds mirror. 

LH2-T; simple lens holder; holds 2" diameter lens. 


PH-2; filter holder; holds neutral density filters. 


oA 


ID-1.0; iris diaphragm; aperture to control eCmigecaeita ae 

LM-2; lens mount; holds 2" diameter lens. 

280; lab jack; large lab jack for 3" to 6” Hei@hewGe ease 

270; lab jack; smaller lab jack, 2” to 4” Hewonie eevee 

CL-4; tie-down clamp; ali surposemelamnp. 

360-90; angle bracket; sliding bracket for unusual mountinges 

B-1, B-2; sliding base? provides Meunetaamea-—e 

BP-5; base plate; provides mounting base 

400; dual-axis translation stage; 0.5% tray eee 
Gimecelons-s 

A481; rotary stage; fer ircearny moereur 

430-1; translation stage; i” travel in @one @irec ere 

CLMK-B2; lens holder; holds 2" diameter 200mm Canon lens. 

SP-6; support post; 6" long post for Hheldimngeeon lew iso 

MB-2; magnetic base; magnetic holder for) cempaneurer 

370; xrod/clamp assembly; rod and clamp for Holding lias mm 

812; laser mount; two-axis control mount for laser. 

U-1301; laser; class IIIA, 1 milliwatt Helium-Neonela-- 

Orie l2Corporatwven 

11512; large rail; 24" xX 4" optical rail f¢6r moun 
COnponemias-. 

11522; standard rail; 24" XK 2" optical rari eee 
COMpereies:. 

11601; large rail carrier; 5" square Carrier mounts mows. 


ravi 
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imweeenstandard Carrer ses X 3y5" carrier, mounts onto rail. 

mioe mene TowecCarriers 3.25" X 2" carrier, provides stable 
base. 

mageo, tilt table; table tilts dm horizontalwpdlane in axes. 

jfote; Standard rod; 2" long rod. 

imeoe, Standard rod; 44 long rod. 

imee50; Standard rod; 6” long rod. 

mez; stable rod holder; 2" high rod holder. 

14432; stable rod holder; 4" high rod holder. 

14423; stable rod holder; 6" high rod holder. 

mere red collar; for fixing rod height. 

mes; plano-convex lens; 2" diameter lens, focal length of 
100mm. 

feeo0, neutral density filter, 1.0; reduces light to 10%. 

memo0, neutral density filter, 2.0; reduces light to 1%. 

meee; neutral density filter, 3.0; reduces light to 0.1%. 

27340; linear visible polarizer; 2" diameter, polarizes 
ight . 

meee), Optical clamp; for holding optical components. 

ie7Z2, 22" rigid mount; legs for holding optical breadboard. 

eeels; Encoder Mike Controller; for controlling motorized 
SEages.. 

13048*; 360° motorized rotary stage; for precise rotary 


Mot LON . 


og 


16338*; 2" motorized translation stage; for precise tinea 
Moelle. 

18212-1-1200*; electrical cord; connects motorizZeayconeen- wae 
with Encoder Mike Controller. 

Baling Plectro—-Optaes. ines 

2668P74; sector star target; for focusing Zane 

228437; electronic shutter; opens/closes to vada treme 

228460; shutter mount; fereaelding Shuzvar 

EEG Physi ais 

C6C-0800*%; six-way vacuum chamber; Notds Oak emuiecene 

aiid Spee 2 

20054*; standard 8" Conflat flange; for Six =wayeenamseur 

50360; nut, bolt, and washer set; 5/16-24 X 2 1/4. 

50329; nut, bolt, and washer set; 5/16-24 K 1 3/4. 

DURA WaVeS rook rOomeGe ior 

VP-800-600*; glass viewport, 6" O7D., 8" tlance Oo. oe] ae 
viewing. 

G-800; copper gaskets; 8" flange 0O.D. for coupling vacuum 
baees. 

Conu, oie”. 

4815-5000; solid-state, monochrome CCD camera; for viewing 
OTR 

Hamam In 

C1000*; Silicon Intensified Target TV Camera an@ §ean =a 


control unit; for viewing Ole 


a0 


C1440*; frame memory image analysis system; digitizer for 


C1000 camera. 


* signifies component (or equivalent) has been borrowed from 
Bee R-B. Fiorito, Code R41, Naval Surface Warfare Center, 


Peervyer Spring, Maryland. 


Manuf rer's Addr n ne Number 

Canon lens obtained from Russell's Camera West, 423 Alvarado 
St, Monterey, CA 93940 (408) 649-0220 

Mewoort Corp., P.O. Box 8020, Fountain Valley, CA 92728-8020 
(aes oS | 1. 

eee COrp., 250 Long Beach Blvd., Startford, CT 06497-0872 
ite) 377-8232 

emma F1eceEro-Optics, iInc., 22 Pleasant St., South Natick, 
Pee 01760 9(800) 343-4912 

feeecss Physics, Inc., 816 Charcot Ave., San Jose, CA 95131 
MeO 7592-5535 

mueeeeeme., LOO Shary Circle, Concord, CA 94518 
filo) 695-9490 

Mieway Stickroom Corp., 1600 N. Shoreline Blvd., Mountain 
View, CA 94043 (415) 969-8811 

Seem, Inc., 5/55 Kearny Villa Rd, P.O. Box 85623, San Diego, 


Pee oc 25) (619) 277-6700 


on 





Hamamtasu Corp., 360 Foothill Road, Box 6910, B: 


O8807/-0960 (201) Zar 0 oe 
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